Mineral uptake by soybean (Glycine max [l.] Merrill) seeds during development can significantly affect seed quality and value. little is known about seed mineral transport mechanisms and control processes, although it is clear that each mineral displays a characteristic accumulation pattern. Ion-specific accumulation patterns could result from changes in source availability, in transport kinetics through the seed pod and seed coat, or in the mineral uptake capability of the embryo. Ca 2 + and K+ have negligible and high phloem mobilities, respectively. Ca 2 + accumulation lags behind dry matter (C and N) and K+ accumulation in soybean embryos. To eliminate source availability influences, the Ca 2 + and K+ uptake ability of isolated embryos and of seeds in pod culture was examined during seed development. Sr 2 + and Rb+ were used as transport analogs of Ca 2 + and K+, respectively. Sr 2 + and Rb+ uptake rates by isolated embryos increased with seed fresh weight, indicating that the embryo was not limiting Ca 2 + accumulation. However, the pod-cultured embryo Sr 2 + and Rb+ uptake rate trends differed: Rb+ uptake increased with seed fresh weight, whereas Sr 2 + uptake rates remained constant or decreased slightly. Ovule Sr 2 + influx data suggest that the pod and seed coat impose a transport barrier that could account for the relative decline in embryo Ca 2 + content during development.
Mineral uptake by soybean (Glycine max [l.] Merrill) seeds during development can significantly affect seed quality and value. little is known about seed mineral transport mechanisms and control processes, although it is clear that each mineral displays a characteristic accumulation pattern. Ion-specific accumulation patterns could result from changes in source availability, in transport kinetics through the seed pod and seed coat, or in the mineral uptake capability of the embryo. Ca 2 + and K+ have negligible and high phloem mobilities, respectively. Ca 2 + accumulation lags behind dry matter (C and N) and K+ accumulation in soybean embryos. To eliminate source availability influences, the Ca 2 + and K+ uptake ability of isolated embryos and of seeds in pod culture was examined during seed development. Sr 2 + and Rb+ were used as transport analogs of Ca 2 + and K+, respectively. Sr 2 + and Rb+ uptake rates by isolated embryos increased with seed fresh weight, indicating that the embryo was not limiting Ca 2 + accumulation. However, the pod-cultured embryo Sr 2 + and Rb+ uptake rate trends differed: Rb+ uptake increased with seed fresh weight, whereas Sr 2 + uptake rates remained constant or decreased slightly. Ovule Sr 2 + influx data suggest that the pod and seed coat impose a transport barrier that could account for the relative decline in embryo Ca 2 + content during development.
The import of nutrients into developing soybean seeds has been the subject of many studies, with C and N in the form of Suc and amino acids, respectively, receiving the most attention (Nooden, 1984; Thome, 1985) . Metal ion import processes have received comparatively little scrutiny, although the mineral content of the harvested seed can impact food and feed quality. The influences of environmental conditions (e.g. soil composition) and varietal traits on final seed mineral content (Cartter and Hopper, 1942; Ohlrogge, 1960) and, to a lesser degree, of immature developmental stages (Sale and Campbell, 1980; Dornbos and McDonald, 1986; Iskander, 1987; Laszlo, 1990; Slipcevic et al., 1992) are well documented. The results of these studies dearly reflect the ion-specific (selective) nature of mineral translocation in plants. C and N substrates travel from their synthesis site in the vegetative parts of the plant through the phloem to the seed coat. Prior to uptake by the embryo, nutrients are deposited in the seed-coat apoplastic space abutting the sur- 1 The mention of firm names or trade products does not imply that they are endorsed or recommended by the U. S. Department of Agriculture over other firms or similar products not mentioned.
• face of the embryo (Thome, 1981; Patrick, 1990) . There are no vascular or symplastic connections between the embryo and seed coat. The pathway for mineral movement to the embryo is more varied. Phloem-mobile elements such as K+ and Mg 2 + mostly follow the path of C and N, being retranslocated from stem and leaf tissue to the developing embryo (Pitman, 1975; Mauk and Nooden, 1992) . The mobilization of these ions is subject to hormonal signals (Neuman and Nooden, 1983; Nooden, 1987; Mauk and Nooden, 1992) , as are C and N nutrients (Ackerson, 1984; Guldan and Brun, 1987; Schussler et al., 1991) . Phloem-immobile ions such as Ca 2 + must take a different route. The possibilities include the xylem and nonvascular symplastic or apoplastic (cell wall) routes (Pate, 1975; Pate and Hocking, 1978; van Bel, 1990) . In all cases, nutrients must eventually traverse the seed-coat apoplast to the surface of the embryo. Not surprisingly, the seed coat appears to exert some metabolic control over the import processes of C and N (Thome, 1985) , leading one to speculate about its role in mineral transport to the embryo.
To examine whether specific metal ion accumulation patterns of soybean seeds can be demonstrated apart from the influence of their source availability via translocation or redistribution, transport kinetics were measured on isolated pods and embryos in this work. K+ and Ca 2 + uptake rates were studied using their respective transport analogs Rb+ and Sr+. Rb+ and Sr H are commonly used as tracers of K+ and Ca 2 + because of their similar mobility characteristics (Epstein, 1976) . It is concluded that the seed coat and pod can impart Ca 2 +import limitations upon the embryo, which may explain the seed Ca 2 + accumulation pattern of the intact plant.
MATERIALS AND METHODS

Plant Culture and Pod and Seed Sampling Conditions
Soybean plants (Glycine max [L.] Merrill cv Williams 82) were grown during summer months in a greenhouse under supplemental lighting (12-h photoperiod). Ambient temperature was maintained at 26 to 29°C. Additional details of plant growth conditions were given previously (Laszlo, 1990) . A random sampling of pods containing seeds representative of reproductive growth stages R s through R7 (approximately 21-42 DAF), as defined by Fehr et al. (1971) , were collected from the plants by cutting at the pedicel. Only a small fraction «20%) of the total number of pods produced by a plant were harvested to minimize the effect on seed fill characteristics (Kollman et al., 1974) . Pods were either processed Laszlo Plant Physiol. Vol. 104, 1994 immediately for pod-culture experiments or opened to obtain seeds. Measurements of K+, Mi+, and Ca 2 + content were made on seeds obtained from intact plants. Seeds were segregated into narrow weight categories (SD ±10 mg) based on whole seed fresh weight. Five to 10 seeds were pooled for each sample, then dissected into seed coat and embryo, and dried under vacuum (25°C).
Pod-Culture Conditions
Rb+ and Sr 2 + content measurements were made on seeds grown in pod culture. Culture conditions followed the general outline of those described by Obendorf et al. (1983) . Freshly harvested pods (40-50) were surface washed with a solution (500 mL) containing 0.02% (w/v) Triton X-I00 and 10 mM EDTA (pH 7.0), surface sterilized in a 0.5% (w/v) NaOCl solution (1 L) for 6 min, and then rinsed twice in deionized water (each 1 L, for 12 min). Pods were transferred to 250-mL wide-mouthed flasks (three pods per flask) containing 40 mL of sterile growth medium. Flasks were covered with silicone closures (Bellco Biotechnology, Vineland, NJ). The standard growth medium contained 4 mM KCl, 1 mM CaCh, 1 mM MgCh, 2 mM SrCh, 5 mM RbCl, 1 mM KH2P04, 1 mM Mes-KOH (pH 5.8), 150 mM Suc, and 62.5 mM GIn. Filtersterilized GIn was added after the medium was autoclaved. Pods were incubated for 2 d in medium containing, in addition, 5 mg L-1 of kanamycin and 1.25 mg L-1 of amphotericin and then transferred to antibiotic-free medium. Variations from the standard growth medium are described in uResults." Culture flasks were placed in an orbital shaker (160 rpm) at 27°C under a 150-W broad-spectrum incandescent bulb on a 12-h light/dark cycle. Following 2 to 7 d of incubation, pods were harvested and their seeds processed as described above for intact plants.
Isolated Embryo Conditions
Rb+ and Sr+ uptake rates by isolated immature embryos were measured. After seed fresh weight was determined, the cotyledons of an embryo were separated and then affixed to a glass slide by embedding the flat inner surface of each into a layer of Apiezon M grease (Apiezon Products Ltd., London, England). The grease prevented penetration of solution to the embedded surface. This was determined by incubating embryo halves in a medium containing a water-soluble foodcoloring dye. The embedded surface of the embryos showed no coloration after 24 h, whereas exposed surfaces were heavily stained. For the determination of Rb+ and Sr+ uptake rates, embryos on glass slides were immersed in 40 mL of standard growth medium (see above) lacking Sr 2 + and Rb+, equilibrated for 30 to 60 min, and then transferred to complete standard growth medium (or modified media, as noted in uResults") for a 24-h incubation period (27°C, no light, unstirred) . Finally, the attached embryos were re-equilibrated for 30 min in standard growth medium lacking Sr 2 + and Rb+ to remove extracellular Sr+ and Rb+ from the embryo surface and then rinsed briefly with deionized water. The 30-min washout period was selected based on the rapid depletion kinetics (half-time approximately 3 min) of Mi+ from embryo apolastic pools reported by Wolswinkel et al. (1992) and the similarly fast (half-time approximately 2 min) exchange kinetics observed with 45Ca-Iabeled Chara cell walls in the presence of 2 mM Ca 2 + (Reid and Smith, 1992) . Embryos from two closely fresh weight-matched seeds were detached from the glass slides, pooled, and then vacuum dried.
Justification of Growth Medium Composition
The standard growth medium was formulated to approximate the in vivo composition of the fluid delivered at the surface of the embryo from the seed coat. The Suc concentration of this fluid has been reported to be 150 to 200 mM (Gifford and Thome, 1985) and the total amino adds concentration to be 10.5 to 22.5 mM (Hsu et aI., 1984) , with GIn and Asp being the predominant nitrogenous substances (Rainbird et aI., 1984) . A Suc concentration of 150 mM was used in this study. A higher concentration of GIn (62.5 mM) was selected for the growth medium based on the pod-culture conditions defined by Obendorf et aI. (1983) . The mineral composition of soybean seed-coat eluate has not been reported; therefore, medium ion concentrations used in this work were selected to mimic soybean xylem levels (White et aI., 1981) .
Estimation of Seed Surface Area
An estimate of the surface area available for ion uptake was determined from measurements made on seed coats freshly isolated from seeds with fresh weight values encompassing the developmental stages under study. After determination of seed fresh weight, seed coats were removed using a razor blade, flattened onto white paper stock, covered with clear tape, and then photocopied for subsequent determination of seed surface area by digital scanning. A quadratic relationship between surface area (cm 2 ) and seed fresh weight (mg) was established (r = 0.96) by regression analysis: area = -5.26 X 10-6 mg 2 fresh weight + 6.13 X 10-3 mg fresh weight + 0.4035. This relationship was used to calculate approximate surface areas of both embryo and seed coat.
Ion Content Analysis
Dry seed fractions (seed coats and embryos) were hydrolyzed in nitric add with a microwave digestion system (CEM Corp., Indian Trail, NC). Ion content of the digests was measured with an ion chromatograph (model 2010i; Dionex Corp., Sunnyvale, CAl equipped with a conductivity detector interfaced with a SP-4270 integrator (Spectra-Physics, San Jose, CAl. K was determined using a HPIC CS-l separating column (Dionex) and 10 mM HCI eluant. Rb was measured using a CS-I0 column (Dionex) and 40 mM HCl eluant. Mg, Ca, and Sr were determined using a CS-I0 column and 40 mM HCl eluant containing 6.0 mM 2,3-diaminopropionic acid monohydrochloride.
RESULTS
Seed Mineral Accumulation in Intact Plants
Seeds with a wide range of fresh weights, representing developmental stages from early seed fill to just prior to physiological maturity (Fehr et a!., 1971) , were collected from intact plants. Embryo and seed-coat dry weights increased continuously during this period (Fig. 1) . Thus, for this work, seed fresh weight is assumed to be synonymous with developmental stage. The Ca 2 +, Mg2+, and K+ contents of embryos and seed coats of seeds from intact plants were examined. In embryos, Ca 2 + content per dry weight decreased substantially during early to intermediate stages of growth (seed fresh weight < 275 mg) and then remained constant (Fig. 2) . This pattern was consistently observed during several growth seasons, although the absolute value of Ca 2 + content (dry weight basis) was generally higher than the data shown in Figure 2 . A dec1ining concentration implies that Ca 2 + uptake by the developing embryo does not keep pace with C and N uptake (i.e. dry matter accumulation). Mg2+ and K+ concentrations remained approximately constant throughout development (Fig. 2) . Therefore, the observed decline in embryo Ca 2 + content relative to C and N accumulation is specific to Ca 2 +, not all cations.
Decreasing Ca 2 + uptake rates (again, relative to C and N uptake rates) by the embryo may be caused by inadequate Ca 2 + activity at the cotyledon surface or by a diminished embryo Ca 2 + transport capability. (Activity is used here in its formal sense, Le. a product of the ion concentration and activity coefficient.) Seed-coat Ca 2 +concentration (dry weight basis) remained nearly constant during seed development, as did K+ concentration (Fig. 3) . Seed-coat Mg 2 + content decreased slightly (Fig. 3) . Thus, the seed-coat Ca 2 + influx was sufficient to accommodate its mass increase, unlike the embryo Ca 2 + influx. However, it cannot be inferred from the seed-coat data that Ca 2 + was supplied to the embryo surface at a constant rate or activity (just as dec1ining seed-coat Mg 2 + concentrations are not reflected in the embryo). (Fig. 6 ). Seed fresh weight was determined at the end of the incubation. No provision was made for seed weight gain during the incubation period. Rb+ contents of seed coats and embryos ., (Fig. 4) . This is to be expected, since during development there is a substantial increase in the embryo surface area available for ion uptake. With uptake rates calculated on the basis of available surface area, isolated embryo Rb+ and Sr+ uptake rates also increased linearly with seed fresh weight (r values 0.85 and 0.90, respectively; Fig.  5 ). The Sr+ and Rb+ rate increases (per crn 2 ) with seed fresh weight (i.e. the slopes of the lines in Fig. 5 ) were significantly different (P < 0.002), indicating a more rapid improvement in Rb+ than Sr+ uptake ability by the embryo. (Note that, although the 2.S-fold higher Rb+ concentration than Sr+ in the medium can account for the greater Rb+ uptake rate for a given seed fresh weight, it does not explain why Rb+ uptake rates increase more rapidly than Sr+ uptake rates during seed development.) The increase in Sr+ uptake rates (per cm 2 ) during the developmental period examined suggests that the Ca 2 + transport capabilities (potential) of the embryo is adequate to sustain constant embryo Ca 2 + concentrations throughout development.
Multiple regression analysis was used to examine the influence of growth medium Ca 2 + concentration on Sr 2 + and Rb+ uptake rates during development (i.e. treating uptake rates as functions of both seed fresh weight and Ca 2 + concentration). Doubling the medium Ca 2 + concentration decreased Sr 2 + uptake rates, and halving the Ca 2 + concentration increased Sr 2 + rates (P < 0.001) without significantly altering Rb+ uptake (P > 0.2, data not shown). The apparent competition of Sr 2 + and Ca 2 + for uptake by isolated embryos indicates the observed Sr 2 + uptake occurred along the same pathway(s) or by the same mechanism(s) responsible for Ca 2 + uptake.
Sr
2 + and Rb+ Uptake by Seeds in Pod Culture
The Rb+ and Sr 2 + uptake ability of seeds contained within pods was examined. Pods were incubated for 2 to 7 d in were similar (P > 0.1), but the Sr 2 + content of the embryo lagged behind that of the seed coat (P < 0.01).
Rb+ and Sr 2 + uptake rates by embryos pod cultured for 7 d in standard growth medium, as a function of seed fresh weight, are shown in Figure 7 . Similar results were obtained with pods incubated for 5 d (data not shown). Rb+ uptake rates per embryo increased linearly (r = 0.94, P < 0.001) with seed fresh weight, as was observed with isolated embryos (Fig. 4) . Isolated embryo Rb+ uptake rates were approximately 10-fold higher than those of embryos in pods for seeds of similar size. Sr+ uptake rates remained constant (P > 0.2; 13 ± 4 nmol d-1jembryo, mean ± SD, 11 = 15) versus seed fresh weight for pod-cultured embryos, unlike embryos exposed directly to medium (d . Fig. 4 ). Isolated embryo Sr 2 + uptake was 10-to 40-fold faster. Thus, transport of Rb+ and Sr+ through the pod and seed coat was rate limiting for ion uptake by pod-cultured embryos.
Per unit surface area, pod-cultured embryos displayed increasing Rb+ uptake rates with seed fresh weight and slightly declining Sr+ uptake rates (P < 0.05) with 7-d pod incubations (Fig. 8) . Embryo Sr+ uptake rates also declined or remained constant with inLTeased seed fresh weight for 3-to 5-d incubations and in the presence of various Ca 2 + concentrations (data not shown). These observations imply that transport of Sr+ to the seed coat or through the seed coat to the surface of the embryo does not keep pace with the embryo Sr 2 + uptake ability during development (d. Fig. 5 ).
The influx of Rb+ and Sr 2 + into pod-cultured ovules (equivalent to delivery rate of these ions to the seed coat), calculated on a per organ surface area basis, was examined by combining the seed-coat and embryo ion content values. The data for pods incubated for 5 d are shown in Figure 9 . Similar trends were observed for pods incubated for 3 and 7 d (data not shown). Rb+ influx to the seed was independent of seed fresh weight (P > 0.1). Sr 2 + influx rates declined slightly with seed The constancy of total Rb+ influx and near-constancy of Sr+ influx to pod-cultured ovules of varying size (Fig. 9 ) permitted the pooling of data from all seed fresh weight 250 .---,------,------,------,--.,-..., ., Plant Physiol. Vol. 104, 1994 categories for the examination, by analysis of variance, of the effects of incubation time and growth medium Ca 2 + concentration on Rb+ and Sr2+ influx. Rb+ influx decreased (P < 0.001) slowly with time in culture, whereas the rate of Sr 2 + influx remained constant (P > 0.1) during a 3-to 7-d incubation period (Table I ). The same conclusion was reached for the Sr 2 + results when the slight variation in rates with seed fresh weight was accounted for by multiple regression analysis (data not shown). The decline in Rb+ influx may result from the shutdown of a transport pathway not taken by Sr+ (such as the phloem, perhaps). The Ca 2 + concentration in the growth medium significantly influenced ovule Sr+ (P < 0.001) and Rb+ (P < 0.01) influx values. Higher Ca 2 + concentrations slowed both Sr 2 +and Rb+ transport (data not shown). There is no ready explanation for this effect, but similar ion competition effects on mineral transport in related systems have been reported (Epstein, 1976) . 
Laszlo
Accumulation Pattern
The Ca 2 +content (dry weight basis) of Williams 82 soybean embryos decreases during early stages of seed development, and K+ and MgZ+ levels remain nearly constant (Fig. 2) . This pattern was also found in five other soybean cultivars grown under identical conditions (Laszlo, 1990) . Others (Sale and Campbell, 1980; Dombos and McDonald, 1986) have noted the Ca 2 + content decline in field-grown soybean seeds. This decrease in Ca 2 + uptake by the embryo relative to other macronutrients during the linear seed-fill period of development is not a property of the embryo itself, since isolated embryo Ca 2 + (Sr 2 +) uptake ability (Le. the capability for Ca 2 + uptake) increases with age (Figs. 4 and 5) . Therefore, the supply of Ca 2 + to the embryo must be limiting. It is possible to estimate Ca 2 + and K+ uptake rates needed to sustain the initial concentrations of these ions in the embryos of intact plants. In this study, embryos gained approximately 120 mg dry weight during a 3-week period (Fig. 1) , resulting in an average dry matter accumulation rate of 6 mg d-I embryo-I. This growth rate is consistent with the value of 6.6 mg d-I seed-I reported by Schussler et a1. (1991) for a cultivar having a final seed dry weight of 200 mg, the approximate seed size produced by Williams 82 in this study. An embryo must import Ca 2 + at a rate of 360 nmol d-I to maintain an initial Ca 2 + concentration of 60 JLmol (g dry weightrl. The K+ uptake rate must be 3000 nmol d-I to maintain a concentration of 500 JLmol (g dry weightfl (Fig.  2) . The Si+ uptake rate of isolated embryos (from a medium containing 2 InM Sr+ and 1 InM Ca 2 +) ranged from approximately 90 to 780 nmol d-I (Fig. 4) . If it is assumed that Sr 2 + and Ca 2 + uptake rates are comparable, then the Ca 2 + uptake capacity of the embryo exceeds the rate required to maintain constant levels, except, perhaps, at the very earliest growth stages. A similar argument can be applied to K+ and Rb+ uptake rates: Rb+ uptake rates (5 InM Rb+ in the presence of 5 InM K+) ranged from 180 to 2200 nmol d-I (Fig. 4) . Therefore, although the possibility cannot be entirely dismissed that embryo Ca 2 + uptake capability is the limiting factor for Ca 2 + accumulation during early development, the evidence supports the conclusion that the delivery of Ca2+ to the embryo surface is the rate-limiting process.
Mineral Transport Pathways to the Seed
Xylem flow rates and the concentrations of Ca 2 + and K+ in xylem fluid decrease substantially during pod development (Nooden and Mauk, 1987) . If it is assumed that phloem transport of K+ makes up for the shortfall in xylem-supplied K+ (Mauk et aI., 1985) but not Ca 2 +, then the observed mineral accumulation pattern (Fig. 2) could be attributed to a xylem effect alone (Le. a decrease in the xylem mass transport rate of Ca2+). Because of the impermeability of the seed-coat cuticle, it is unlikely that transpiration-driven xylem solute flux to the seed coat is significant. Therefore, any xylem-borne influx of water and Ca 2 + to the developing seed must be driven by root pressure. In fact, it is likely that the xylem flux is away from the seed (Murray, 1987) . Pate and Hocking (1978) found in the legume white lupin that most fruit accumulation of K+ occurred through vascular routes (mostly phloem), but less than 30% of the Ca 2 + accumulation could be accounted for by vascular transport. Mix and Marschner (1976) observed that xylem-borne water and Ca 2 + movements to Phaseolus vulgaris fruits decline sharply with the onset of seed growth. Thus, the preferred, and perhaps exclusive, pathway for Ca 2 + transport to the seed coat may be via nonvascular symplastic or nonvascular apoplastic routes.
Pod culture experiments demonstrated that Ca 2 + (Sr 2 +) transport rates through the seed coat and pod decline slightly during development (Fig. 8) , which could account for the observed intact plant Ca 2 + accumulation pattern. The culture medium supplied a constant level of ions; therefore, the decline in embryo Ca2+ uptake cannot be attributed to Ca 2 + deficits from sources beyond the pod. In P. vulgaris, seed Ca2+ is supplied predominantly by redistribution from the pod (Mix and Marschner, 1976) . If the same is occurring in soybean, then the nonvascular tissues (including the cell wall) of the pod and seed coat moderate embryo Ca 2 + accumulation in the intact plant, as well as in pod culture. The data further suggest that the decline seen in embryo Ca 2 + levels during early development (Fig. 2) results from a decrease in pod and seed-coat Ca 2 + transport rate (perhaps due to a longer path length) rather than decreasing Ca 2 + source concentrations. No presumptions are made in this work about the pathway through the isolated pods taken by Sr 2 + and Rb+ to reach the seeds, other than that the ions entered through the pod and traversed the funiculus, which connects the ovule to the pod vascular system. The route could have been vascular and/or nonvascular. Obendorf et al. (1983) found that dye introduced at the pedicel of an isolated pod quickly traversed the pod vasculature to the seeds. Because the pods were immersed during culture for the work reported here, solutes may have entered the pod wall other than at the pedicel. However, the interior spaces of the incubated pods remained free of solution in all cases, obviating the possibility that ions imported by the seed bypassed transport through the funiculus.
The degree to which the composition of the growth medium used may differ from in vivo conditions must constrain the level of confidence placed in the conclusions drawn about ion transport based on the Sr 2 + and Rb+ data presented. The K+ concentration (approximately 5 mM) of the medium is similar to xylem K+ concentrations reported for various legumes (Pate, 1975; Pate and Hocking, 1978) . Phloem K+ concentrations are substantially higher (30-60 mM, Pate and Hocking, 1978) , and the K+ concentration in the apoplast of the legume cotyledon surface may be even greater (80-120 mM, Patrick, 1984 Patrick, , 1993 . Such very high concentrations of K+ can drastically reduce Ca 2 + adsorption to soybean cell walls (Laszlo, 1987) and thus possibly alter the transport kinetics of Ca 2 + in the apoplastic space.
Hypothesis: Seed Coat Moderates Mineral Transport to the Embryo
Soybean seed coats show mineral accumulation patterns that are cultivar and mineral specific and often very different from the embryo (Laszlo, 1990) . This suggests that the seed coat is involved in the control of mineral delivery to the embryo. The evidence presented in this work implicates the seed coat as a control site (but not the only one) for moderating Ca 2 + delivery to the developing embryo. Furthermore, during seed maturation, a period not covered by the present study, soybean seed coats (Laszlo, 1990) , as well as seed coats of other legumes (Hocking and Pate, 1977) , show very pronounced accumulations of Ca 2 +. Because the embryo is still competent in dry matter uptake at this stage (VerNooy et aI., 1986) , this observation supports the hypothesis that the seed coat acts as a control site for Ca 2 + transport. A similar conclusion was reached by Mix and Marschner (1976) in their study of P. vulgaris. Whether this control extends to micronutrient metals deserves scrutiny.
In the general context of Ca 2 + translocation to storage tissues, cR+ movement is believed to be restricted to apoplastic routes, principally along cell wall ion-exchange groups. Marschner (1986) emphasized the importance of cation-exchange site formation in directing Ca 2 + flux to expanding tissues. Within the pod and seed coat, new exchange sites can be created by de novo synthesis of cell wall material or by de-esterification of carboxymethyl groups in the cell wall pectin fraction. The possibility that high K+ concentrations may occur within the seed-coat apoplast, as indicated above, suggests an additional process by which exchange site availability can be regulated. It is known that seed-coat apolastic K+ influences Suc release rates by modulating apoplast osmolarity (Wolswinkel and Amrnerlaan, 1988; Wolswinkel et aI., 1992) . Also, seed-coat K+ is involved in the mechanism of Suc unloading, in addition to its role in maintaining cell turgor pressure (Van Bel and Patrick, 1985; Patrick, 1990) . As a consequence of K+ concentration fluctuations within the seed-coat apoplast in conjunction with assimilate release, Ca 2 +-exchange sites may become effectively masked and unmasked in the cell wall. This could be an additional method by which transport of Ca 2 + to the embryo is influenced by the seed coat.
